approach can also be used to evaluate different feeding strategies for their potential to mitigate CH 4 production (Hatew et al., 2015; Holtshausen et al., 2012; Pellikaan et al., 2011) . There is a lack of studies reporting in vivo CH 4 production by cattle upon changes in the maturity of a grass silage at harvest (Randby, Weisbjerg, Nørgaard, & Heringstad, 2012; Warner, Bannink, Hatew, Van Laar, & Dijkstra, 2017) , and there is a dearth of direct in vitro-in vivo comparisons with respect to CH 4 production. Results from a previous experiment (Macome et al., 2017) showed a weak, but positive relationship between in vitro and in vivo CH 4 production, expressed as g CH 4 /kg of fat and protein corrected milk (FPCM).
Performing in vitro and in vivo experiments simultaneously gives the unique opportunity to use rumen fluid in the in vitro experiments from the same cows as used in the in vivo experiments and using the same feed ingredients and rations, allowing a direct comparison between in vitro and in vivo CH 4 measurements. It is highly valuable to have fast and reliable in vitro techniques to estimate the CH 4 emission from ruminants, as in vivo studies, in particular using respiration chambers, are very laborious and expensive.
The objective of this study was to measure the in vitro gas and CH 4 production of grass silages, differing in maturity stages at harvest, and of rations consisting of the respective grass silages. The obtained in vitro CH 4 production was related to simultaneously obtained in vivo CH 4 production data (Warner et al., 2017) . Also, the effect of adaptation of the microbial population to the respective grass silage based rations was investigated.
| MATERIAL AND ME THODS

| Experimental design, donor animals and rations
The in vitro experiments were conducted simultaneously with the in vivo experiments (Warner et al., 2017) . All experimental procedures were approved by the Institutional Animal Care and Use Committee of Wageningen University and carried out under the Dutch Law on Animal Experimentation. In vivo CH 4 measurements and animal handlings were described in more detail by Warner et al. (2017) . The present in vitro study relates to a total of 24 lactating HolsteinFriesian dairy cows housed at the experimental farm of Wageningen University & Research (Wageningen, the Netherlands) and grouped in a randomized block design. Within each block of four cows, cows were assigned to an early lactation or a late lactation group, and within groups, cows were randomly assigned to one of four dietary treatments consisting of grass silage of varying maturity at harvest.
Cows were, on average, 96 days in milk (DIM) for the early lactation group, and 218 DIM for the late lactation group. Early and late lactation cows showed relatively different levels of DM intake (DMI) (16.5 vs. 15.4 kg/day respectively). The experimental setup was designed for the in vivo measurements of CH 4 production by Warner et al. (2017) . Cows in three periods with four cows in early lactation and three periods with four cows in late lactation were used as rumen fluid donors for the in vitro experiments.
Grass swards were harvested in 2013 at four different dates as grass maturity advanced: May 6th (G1), May 25th (G2), July 1st (G3) and July 8th (G4). Swards were composed of diploid perennial rye grass (Lolium perenne) cultivars of intermediate and late heading type (36% each) and timothy (Phleum pratense; 28%) (BG Superplus, Barenbrug, Oosterhout, the Netherlands) (Warner et al., 2017) . Each grass was wilted for 2 or 3 days and ensiled in bales of approximately 500 kg using 12 layers of stretch plastic without addition of inoculants. Just before the in vitro incubations samples were taken with a hollow drill from different places in the bales, to make sure that a representative sample was obtained.
Cows were offered a ration with 70% grass silage, 10% maize silage and 20% concentrate on a dry matter (DM) basis. The least mature grass silage (GS1) was highly digestible, and therefore, 5% wheat straw was included in the respective ration (replacing an equal amount of GS1 on as-fed basis) to obtain a sufficient structural value to meet the requirements of the cows (Warner et al., 2017) .
For the in vitro measurements, core samples were collected from the grass silage bales fed to the cows housed in the climatecontrolled respiration chambers for in vivo CH 4 measurements. This procedure was repeated before each in vitro run to obtain fresh grass silage sample at each run and a sample comparable to that offered to cows in the respiration chambers. Maize silage, wheat straw and concentrate were sampled once before each experimental period.
| Feeding and rumen inoculum sampling
Cows were housed in tie stalls for the first 12 days of each 17-day period to facilitate adaptation to their respective rations. A 5-day measurement period followed in which cows were housed individually in climate respiration chambers (Warner et al., 2017) . During the last 4 days of adaptation, cows received 95% of the average daily intake of the cow with the smallest daily intake within the group of four cows, provided that cows with the largest feed intake were never restricted to <80% of the ad libitum feed intake. Feed intake was restricted to ensure a uniform DMI within each block. Samples of 750 ml rumen fluid were collected from four donor cows within each period for the in vitro measurements, resulting in four different types of rumen fluid per period. So, in total rumen fluid was taken from 24 cows and used for the in vitro experiments. Each grass silage was incubated with all four types of rumen fluid; thus, with the rumen fluid of the cow adapted to the respective ration and with the rumen fluid of the cows adapted to the remaining three rations.
Mixed ration substrates, whose compositions were the same as those of the ration fed in the in vivo experiment, were only incu- 
| Gas and methane production
In vitro rumen fermentation was determined using fully automated GP equipment, as described by Cone et al. (1996) . Approximately 0.50 g of oven-dried and ground (1 mm) substrate (grass silage or mixed ration) was weighed into 250-ml fermentation bottles (Schott, Mainz, Germany) and 60 ml of buffered rumen fluid was added. Each grass silage or mixed ration was analysed in triplicate. In vitro incubation measurements lasted for 48 hr. Rumen fluid was obtained from four donor cows within the respective group per period prior to the in vitro measurements early in the morning before feeding the animals and was transported in a pre-warmed insulated flask, filled with CO 2 . All other handlings were as described by Cone et al. (1996) . Each grass silage was incubated with rumen fluid from a donor cow adapted to the respective grass silage ration and from three cows adapted to one of the three other grass silage rations (MRGS1 through MRGS4). Gas production curves were fitted with a multiphasic model as described by Cone et al. (1996) and Groot, Cone, Williams, Debersaques, and Lantinga (1996) . This model determines the asymptotic GP (A) caused by fermentation of the soluble fraction (A1), the insoluble fraction (A2) and the microbial turnover (A3), the time needed to reach half of A1, A2 and A3 (B1, B2 and B3) as a measure of the rate of fermentation, and the sharpness of the curve in phase 1, phase 2 and phase 3 (C1, C2 and C3).
Data on phase 3, B1 and C1 are not reported, as these parameters do not contribute to the feeding value of the substrate. As fitting the curves with the three-phasic model with nine unknown parameters often gives non-physiological results, the values for A1 and A2 were fixed. The GP after 3 hr is assumed to be A1 and the GP between 3 and 20 hr is assumed to be A2, as described by Van Gelder et al. (2005) . As the rations were comparable to each other, fixing the values of A1 and A2 was justified, with in vivo most probably identical passage rates. During the GP incubations, 10 μl of headspace gas was collected from the bottles at nine timepoints (0, 2, 4, 8, 12, 24, 28, 36 and 48 hr) , and directly injected into a gas chromatograph to determine the CH 4 concentration in the headspace gas as described by Pellikaan et al. (2011) . Each incubation was performed in triplicate over three different in vitro runs performed on different weeks.
The in vitro CH 4 production data were fitted with a monophasic model (Groot et al., 1996) . The maximum rate of the GP of the nonsoluble fraction (R max2 , ml/hr) and of CH 4 production (R max , ml/hr) was calculated as described by Bauer, Williams, Voigt, Mosenthin, and Verstegen (2001) .
| Chemical analyses
Grass silage samples were dried at 70°C for 48 hr in a forced-air ventilation oven and ground in a Wiley mill (Peppink 100 AN, Olst, the Netherlands), fitted with a 1-mm sieve. The DM content of the ground samples was determined after drying at 103°C overnight (ISO 6496; ISO, 1999) , and ash content was determined by incineration for 3 hr at 550°C (ISO 5984; ISO, 2002) . Crude fat was determined according to ISO 6492 (ISO, 1999), and nitrogen was measured by the Kjeldahl method (AOAC, 1990) , and crude protein (CP) was calculated as N × 6.25. Neutral detergent fibre (NDF) was analysed according to Van Soest, Robertson, and Lewis (1991) after a pre-treatment with a heat stable amylase and expressed exclusive of residual ash (aNDFom) (ISO 16472; ISO 2006) . Contents of acid detergent fibre (ADF) and acid detergent lignin (ADL) were determined according to Van Soest (1973) (ISO 13906; ISO 2008) , and ADF was expressed exclusive of residual ash (ADFom). Sugar analysis was determined as described by Van Vuuren, Van der Koelen, Valk, and De Visser (1993) with modifications by Abrahamse, Dijkstra, Vlaeminck, and Tamminga (2008) , using 40% ethanol.
| Statistical analyses
Triplicate in vitro data were pooled per cow and substrate. All triplicate results for each substrate (i.e., grass silage and mixed ration) per run were averaged prior to statistical analysis. The experimental unit for the in vitro measurements was the value of the averaged data (fermentation bottles). Data were subjected to ANOVA in a randomized block design with a 4 × 4 factorial arrangement of treatments (four stages of grass maturity × four rumen inocula) by the mixed model procedures of SAS (2010). Substrate (n = 4; either grass silage or mixed rations) and rumen fluid (n = 4) were considered fixed effects, block (n = 3) was considered a random effect, and stage of lactation (n = 2) was considered a blocking factor. As grass silages and mixed rations were used as substrate for the in vitro measurements, two statistical models were used:
where Y ijk = response variable (e.g., CH 4, GP, fermentation kinetics parameters), μ = overall mean, SUB i = grass silage substrate (i = 4; maturity stages GS1 through GS4), RF j = rumen fluid (j = 4; samples from four cows receiving GS1 through GS4), (SUB × RF) = interaction term and e ijk = residual error.
where Y i = response variable (e.g., CH 4, GP, fermentation kinetics parameters), μ = overall mean, SUB i = mixed ration substrate (i = 4; maturity stages MRGS1 through MRGS4)), and e i = residual error. 
| RE SULTS
| Chemical composition
Upon maturation, the CP content of the grass silages decreased from 286 to 124 g/kg DM, whereas the NDF content increased from 365 to 546 g/kg and the ADF content from 199 to 319 g/ kg DM (Table 1 ). The youngest grass silage (GS1) contained only 3 g ADL/kg of DM, while the oldest grass silage (GS4) contained 21 g ADL/kg of DM. The aforementioned changes in chemical composition of the different grass silages also affected the TA B L E 1 Chemical composition of grass silages of increasing maturity stage at harvest (GS1 to GS4), maize silage, wheat straw and compound feed TA B L E 2 In vitro gas production (GP) after 48 hr of incubation and curve fit parameters of grass silages made from grass differing in maturity at harvest (GS1 to GS4) and incubated with four different types of rumen fluid (RFGS1 to RGS2) *GS1-GS4 are grass silages differing in maturity from young to old with increasing number (harvested on May 6th, May 25th, July 1st and July 8th, respectively); RFGS1-RFGS4 are the type of rumen fluid used for in vitro incubations from donor cows fed a mixed ration containing grass silage GS1-GS4, respectively; SEM is the standard error of the mean. † A1 and A2 are the asymptotic GP caused by fermentation of the soluble fraction (A1) and non-soluble fraction (A2); B2 is time at which half of A2 is reached; C2 is the sharpness of the curve in phase 2 (non-soluble fraction); R max2 is the maximum rate of GP in phase 2.
Values within a column and item with different superscript (a, b, c) differ significantly (p < .05).
chemical composition of the different mixed rations (data not shown).
| In vitro gas and CH 4 production of the grass silages
The in vitro GP characteristics by fermentation of the grass silages are shown in Table 2 . The GP decreased with progressing maturity of the grass at harvest. A similar pattern was observed for the asymptotic GP of the soluble (A1) and non-soluble fraction (A2) ( Table 2 ). The half-time of the asymptotic GP of the non-soluble fraction (B2) showed a slower fermentation with progressing maturity of the grass. The maximum rate of GP in phase 2 decreased with progressing maturity, showing the same trend as B2.
Furthermore, an effect of the origin of the rumen fluid on A1 and C2 was observed ( Table 2 ).
The in vitro CH 4 production characteristics by fermentation of the grass silages as well as the effect of the origin of the rumen fluid are shown in Table 3 . The results indicated that the in vitro CH 4 production (expressed as ml/g OM incubated), and the fitted parameters B, C and R max were affected by the maturity of the grass at harvest. In vitro methane production, expressed in ml/g OM, decreased with progressing maturity of the grass at harvest.
The half-time of the asymptotic CH 4 production (B) increased with progressing maturity of the grass, indicating a slower CH 4 synthesis with progressing grass maturity. Moreover, the origin of the rumen fluid had a strong effect on the total in vitro CH 4 production and fitted parameters.
| In vitro gas and CH 4 production of the mixed rations
The in vitro GP, CH 4 production and fermentation characteristics of the incubated mixed ration samples are shown in Tables 4 and 5 .
Contrary to the grass silages, the mixed ration samples were all incu- *GS1-GS4 are grass silages differing in maturity from young to old with increasing number (harvested on May 6th, May 25th, July 1st and July 8th, respectively); RFGS1-RFGS4 are the type of rumen fluid used for in vitro incubations from donor cows fed a mixed ration containing grass silages GS1-GS4, respectively; SEM is standard error of the mean. † A is the asymptotic CH 4 production; B is the time at which half of A is reached; C is the sharpness of the curve; R max is the maximum rate of CH 4 production. Values within a column and item with different superscript (a, b, c) differ significantly (p < .05).
TA B L E 3
In vitro methane (CH 4 ) production after 48 hr of incubation and curve fit parameters of grass silages differing in maturity at harvest (GS1 to GS4) and incubated with four different types of rumen fluid (RFGS1 to RFGS4)
The in vitro CH 4 production (expressed as ml/g OM incubated or as a % of total gas), and the fitted parameters A, B, and R max were affected by the maturity of the grass (Table 5 ). In particular, parameter B increased, indicating a slower CH 4 synthesis with progressing grass maturity at harvest.
| In vivo CH 4 production
The in vivo data presented in Table 6 were extracted for the 24 cows used in the present in vitro study from a larger experiment, performed simultaneously in respiration chambers (Warner et al., 2017 
| D ISCUSS I ON
| Effect of grass silage maturity on gas and CH 4 production
It is generally accepted that grass harvested at an early maturity stage is a valuable forage for dairy cows, due to its large nutritive value (Randby et al., 2012) . Overall, the decrease in CP content and the increase in cell wall content (NDF and ADF) of the ensiled grass with progressing maturity at harvest was expected and is in agreement with other studies (Cone, Van Gelder, Soliman, De Visser, & Van Vuuren, 1999; Rinne, Huhtanen, & Jaakkalo, 1997) . A decline in GP with progressing maturity using both grass silage and mixed ration samples was observed, which is in accordance with Cone et al. (1999) . The decrease in GP of the soluble fraction (A1) of the grass silage and mixed ration samples is associated with the decline in the CP content with advanced maturity. The decline in in vitro GP caused by fermentation of the non-soluble fraction (A2) is associated with a TA B L E 4 In vitro gas production (GP) after 48 hr of incubation and curve fit parameters of mixed rations (MRGS1-MRGS4), containing grass silage made from grass differing in maturity at harvest *MRGS1-MRGS4 are the mixed rations containing the respective grass silage GS1-GS4 (harvested on May 6th, May 25th, July 1st and July 8th, respectively); SEM is the standard error of the mean. † A is the asymptotic CH 4 production; B is the time at which half of A is reached; C is the sharpness of the curve; R max is the maximum rate of CH 4 production. Values within a column with different superscript (a, b, c) differ significantly (p < .05).
TA B L E 5
In vitro methane (CH 4 ) production after 48 hr of incubation and curve fit parameters of mixed rations (MRGS1-MRGS4), containing grass silage differing in maturity decrease in degradable cell walls with progressing maturity, accompanied by a decrease in the rate of fermentation (increased B2).
The in vitro CH 4 production, expressed in ml/g OM incubated or as a % of total gas, for both the grass silages and the mixed ration samples was affected by the grass maturity. An increase in fibre content of the more mature grass silages could increase the acetic acid production during fermentation in rumen fluid, making more hydrogen available for methanogens. However, a decreased total fermentation could also result in a lower total CH 4 production of the more mature grasses. In the current study, a decrease in CH 4 production of grass silage (mainly perennial ryegrass) with progressing maturity at harvest was observed. In line with our results, Holtshausen et al.
(2012) reported a decrease in in vitro gas and CH 4 production of grass silage (mixture of timothy and meadow fescue) with progressing maturity at harvest, resulting from a shift in the volatile fatty acid pattern observed. In contrast, Purcell, O'Brien, Boland, O'Donovan, and O'Kiely (2011) in their study on perennial ryegrass pastures reported an increased in vitro rumen gas and CH 4 production for a high herbage mass (i.e., smaller OM digestibility and CP content in the grass compared to a low herbage mass), although the difference between treatments was small, likely owing to the similar fibre content and the unchanged volatile fatty acid pattern.
The rate of maximum GP in phase 2 (R max2 ) decreased with progressing maturity, which is in line with the greater B2 values. A similar pattern was observed for CH 4 production with greater B values, indicating that the rate of maximum CH 4 production decreased with progressing maturity of the grass at harvest, as reported by Macome et al. (2017) . More mature grass could lead to more methane during fermentation, caused by an increased NDF content, or to less methane because of a decreased total fermentation. We observed a small decrease in CH 4 production (ml/g OM) with progressing maturity, but a tendency for an increase in % CH 4 in the total gas. Analysis of volatile fatty acid pattern and in vitro residues at the end of the incubation may reveal which hypothesis is correct in the current study.
In the current study, the origin of the rumen fluid showed an effect on the in vitro CH 4 production of the different grass samples.
Total gas production varied 8.4% and methane production 21%, depending on the origin of the rumen fluid. This effect was visible even for the less extreme combinations, such as when a grass silage was incubated with rumen fluid from a donor cow not previously adapted to that diet, but adapted to a diet with a chemical composition coming close to it. These results suggest that adaptation to the respective diet is essential for in vitro GP and CH 4 fermentation studies.
| Relationship between in vitro and in vivo methane production
No relationship between the in vivo CH 4 production, expressed in g/kg organic matter intake (OMI), and in vitro CH 4 production expressed in ml/g OM incubated, was observed for any different incubation timepoint. The strongest correlation between in vitro and in vivo CH 4 production (g/kg OMI) was observed at 12 hr of in vitro incubation (R 2 = .23, p = .226). TA B L E 6 In vivo methane (CH 4 ) production of the 24 lactating dairy cows in early and late lactation fed rations containing grass silage at increasing maturity stage at harvest (GS1-GS4) and that served as donors of rumen fluid for in vitro incubations. Data extracted from Warner et al. (2017) A relationship between 48 hr in vitro and in vivo CH 4 production (g/kg of OMI or of DMI), using a single linear correlation, was lacking (R 2 = .00-.18, p ≥ .287). Also, when the in vivo CH 4 production was expressed in g/kg FPCM, there was no correlation (R 2 = .06; p = .529) with the in vitro CH 4 production (ml/g OM incubated). The reason for this lack of relationships could be due to the relative small differences in CH 4 production observed in the in vivo experiment, varying from 22.0 to 24.7 g/kg OMI (Warner et al., 2017) . Using the calculated curve fit parameters (A, B, C), the timepoint can be calculated at which the in vitro CH 4 synthesis is equal to that observed in vivo. We observed a considerable variation in the calculated timepoints (GS1 = 6.91 hr; GS2 = 8.01 hr; GS3 = 10.23 hr and GS4 = 10.46 hr), suggesting an effect of grass maturity on the timepoint at which the CH 4 production in vitro was equal to that observed in vivo. It cannot be ruled out that within this observed variation, the in vivo and the in vitro CH 4 production correlated poorly. Nonetheless, these results indicate that silage from mature grass requires more time for degradation in an in vitro batch culture, resulting in less fermentation compared with silage from young grass over the same time period.
The in vitro CH 4 production parameters and the chemical composition of the grass silages were further used to predict the in vivo CH 4 production using a stepwise multiple regression. A significant correlation between observed and predicted in vivo CH 4 production (both expressed in g/kg OMI or in g/kg FPCM) was observed (Figures 1 and 2 ). The equations used to predict in vivo CH4 produc- where in vitro CH 4 is total methane in ml/g OM incubated, CH 4 % is the percentage CH 4 in the total gas production, CH 4 C is the sharpness of the monophasic curve fitted to the in vitro CH 4 production, CH 4 A is the asymptote of the monophasic model fitted to the in vitro methane production, DM is the dry matter content of the grass silage, and CH4% is the percentage of CH 4 in the total gas production.
The prediction quality may be improved by increasing the sample size and contrast among treatments. Nonetheless, our results suggest that, although in vitro CH 4 measurements may be used for screening purpose, effects of grass silage quality observed in vivo are not easily reproduced in an in vitro batch culture system.
| CON CLUS IONS
The nutritional quality of grass silages decreased with progressing maturity of grass at harvest. In vitro gas and CH 4 production (ml/g of OM) of incubated grass silages decreased with advancing grass maturity at harvest. Based on our results on 24 cows, in vitro CH 4 production did not correlate with in vivo CH 4 production measured simultaneously on the same cows in respiration chambers. The lack of relationship might be partly explained by the relatively small numerical difference in in vivo CH 4 production per unit of intake. The F I G U R E 1 Relationship between observed in vivo CH 4 production and predicted CH 4 production, expressed in g/kg organic matter intake (OMI). Open symbols are for cows in early lactation (96 days in milk) and closed symbols for cows in late lactation (218 days in lactation). In vivo CH 4 (g/kg OMI) = -9.68 -0.233 × in vitro CH 4 + 1.88 × CH 4 % + 8.55 × CH 4 C (R 2 = .48),
where in vitro CH 4 is total methane in ml/g OM incubated, CH 4 % is the percentage CH4 in the total gas production, and CH 4 C is the sharpness of the monophasic curve fitted to the in vitro CH 4 production [Colour figure can be viewed at wileyonlinelibrary.com] F I G U R E 2 Relationship between observed in vivo CH 4 production and predicted CH 4 production, expressed as g/kg fat and protein corrected milk production (FPCM). Open symbols are for cows in early lactation (96 days in milk) and closed symbols for cows in late lactation (218 days in milk). In vivo CH 4 (g/kg FPCM) = 1.29 + 1.98 × in vitro CH 4 % -0.261 × CH 4 A -0018 × dry matter content (DM) (R 2 = .60), where CH 4 A is the asymptote of the monophasic model fitted to the in vitro methane production, and CH 4 % is the percentage CH 4 in the total gas production [Colour figure can be viewed at wileyonlinelibrary.com] prediction of in vivo CH 4 production with in vitro parameters only slightly improved when using stepwise multiple regression. The in vitro gas and CH 4 production and curve fit parameters varied based on whether donor cows were adapted to the respective ration or not. These results suggest that careful adaption to the experimental diet should be envisaged in in vitro gas and CH 4 production experiments.
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